Introduction
reverses the polarity of the first T-seam-cell division, causing T.a to adopt the neural and T.p the hypodermal character (Herman and Horvitz, 1994) .
In parallel to the Wnt/β-catenin asymmetry pathway, the asymmetric expression of TLP-1/Sp1 is also regulated by a transcription factor of the RUNX family, RNT-1 (Kagoshima et al., 2005) . Impaired function of RNT-1/RUNX or its coactivator BRO-1/CBFβ abolishes the neural fate in the T.p lineage, i.e. the same T-seam-cell polarity defect as that caused by mutation of tlp-1 (Kagoshima et al., 2005; Kagoshima et al., 2007a; Kagoshima et al., 2007b) . In addition to the T seam cell, RNT-1/RUNX and BRO-1/CBFβ also act in the V seam cells as rate-limiting regulators of proliferative divisions. Their loss-and gain-of-function effects are reciprocal, resulting in missing or extra seam cells, respectively (Ji et al., 2004; Kagoshima et al., 2005; Nimmo et al., 2005; Kagoshima et al., 2007a; Kagoshima et al., 2007b; Xia et al., 2007) . This phenotype reflects the fact that RNT-1/RUNX and BRO-1/CBFβ promote cell-cycle progression by downregulating expression of a cyclin-dependent kinase inhibitor CKI-1 (Nimmo et al., 2005; Kagoshima et al., 2007a; Xia et al., 2007) .
Nuclear receptors are important multifunctional transcription factors involved in many aspects of animal physiology, hormonal regulation, cell differentiation and development (Mangelsdorf et al., 1995; Kastner et al., 1995) . Nuclear receptors also engage in numerous molecular interactions with other signaling pathways. Recent studies have demonstrated functional interactions of several nuclear receptors with the Wnt/β-catenin signaling pathway (Mulholland et al., 2005) . C. elegans possesses a vastly expanded family of 284 nuclear hormone receptor (NHR) genes (Maglich et al., 2001; Sluder et al., 1999) , the functions of which remain mostly unknown. Fifteen of the NHRs are evolutionarily conserved with homologs in other species.
We have investigated the function of the nuclear receptor nhr-25, which encodes a homolog of the Drosophila Fushi tarazu factor 1 (Ftz-F1) and of the mammalian steroidogenic factor 1 (SF-1) and liver receptor homolog 1 (LHR-1) proteins. We have previously demonstrated that NHR-25 antagonizes a β-catenin pathway in the process of cell-fate decision in the somatic gonad of C. elegans (Asahina et al., 2006) . That was an intriguing observation, because SF-1, the mammalian homolog of NHR-25, acts in synergy with Wnt/β-catenin signaling (Gummow et al., 2003; Hossain and Saunders, 2003; Jordan et al., 2003; Mizusaki et al., 2003; Botrugno et al., 2004; Parakh et al., 2006; Salisbury et al., 2007) . Here, we report that NHR-25 cooperates with both RUNX and Wnt/β-catenin asymmetry pathways to ensure the correct cell fate of the T-seamcell descendants. Reduced NHR-25 function enhances phenotypes of mutated POP-1/TCF and SYS-1/β-catenin in the T seam cell, whereas it suppresses effects of these mutations in the somatic gonad. Therefore, NHR-25 can modulate the Wnt/β-catenin asymmetry pathway either positively or negatively depending on the tissue context.
Results

Absence of NHR-25 in epidermal cells causes extra seam cells in adults
Adult worms normally possess two sets of 16 epidermal seam cells descending from H0 and embryonic blast cells H1, H2, V1-V6 and T (Table 1, Fig. 1A ). Loss of nhr-25 function has been found to affect epidermal differentiation, leading to extranumerary seam cells (Chen et al., 2004; Silhankova et al., 2005) . However, nhr-25 mutations or RNAi knockdown also cause lethality, molting defects and severe malformations of tail structures (Asahina et al., 2000; Chen et al., 2004; Gissendanner and Sluder, 2000; Silhankova et al., 2005) , obscuring specific requirements for nhr-25 in epidermal cell differentiation. Therefore, we generated scm::nhr-25(RNAi) transgenic worms that produce nhr-25 dsRNA under the control of a seam-cell-specific promoter (SCM). The seam-cell-targeted nhr-25 RNAi eliminated all of the severe defects, yet it revealed the extra-seam-cell phenotype. In 55% of cases, scm::nhr-25(RNAi) adult hermaphrodites possessed more than 16 scm::gfp-positive seam cells (Table 1 ), indicating that some seam cells either did not divide asymmetrically or that they underwent further division. Although the additional seam cells occurred along the whole body axis, the head (data not shown) and tail ( Fig. 1A-C Silhankova et al., 2005) , in the posterior seam-cell T and its daughters (T.a, T.p), and in the hyp cells of wild-type animals ( Fig. 1D,E) .
Loss of NHR-25 disrupts male tail morphology
Extra seam cells in the tails of scm::nhr-25(RNAi) worms prompted us to examine whether NHR-25 plays a role in male tail differentiation. In the wild-type male tail, the seam-cell lineages V5, V6 and T form nine finger-like sensory rays embedded in a cuticle fan ( Fig. 2A,B) , and each ray has a distinct set of morphogenetic and molecular features. Because systemic nhr-25 RNAi caused severe damage to the male tail morphology, ablating the typical shape and most of the rays (Fig. 2C) , we used the scm::nhr-25(RNAi) line in most experiments.
We characterized several classes of the most frequent ray phenotypes related to altered cell fate and/or migration in a total of 193 scm::nhr-25(RNAi) males (Fig. 2D) . These phenotypes and additional defects (such as absence of rays other than ray 1 or 2) were also observed in a hypomorphic mutant nhr-25(ku217) (Fig. 3 and data not shown). Among specific tail defects, we could distinguish ray-1 displacement (13%), which was evidenced by dislocation of the ray cell cluster 1 as visualized with the ajm-1::gfp marker for adherens junctions (Fig. 4C) . We often detected displacement of rays 7-9 (45%). Both of these displacements indicated that ray precursor cells failed to migrate properly. Another defect, ray fusion, was presumably a consequence of ray transformation (Chow and Emmons, 1994) and incomplete ray cell sorting (Baird et al., 1991) . Among
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It has been reported that ray-fusion phenotypes can result from mab-5 gain-of-function mutations or mab-5 mis-expression (Chow and Emmons, 1994; Salser and Kenyon, 1996) . We therefore examined mab-5 expression in the tail of nhr-25(ku217) males. Tail morphology in these males exhibited missing or fused rays (Fig.  3B,C) . Strong ectopic expression of mab-5::gfp was observed in ray 1 and also in the R1A, R1B and R1St cell bodies (Fig. 3B) . Because the mab-5 mis-expression was also evident in the fused rays 1-2 (Fig. 3C) , we investigated whether mab-5 loss-of-function mutation suppressed the incidence of ray fusion in nhr-25 mutants. Because mab-5(e1239) causes complete absence of V-derived rays (Salser and Kenyon, 1996) , we scored fusion defects in mab-5(e1239)/+; nhr-25(ku217) males. We observed reduction of ray 1-2 fusion from 16% (n=90) in nhr-25(ku217) mutants to 5% in mab-5(e1239)/+; nhr-25(ku217) double mutants (n=110). Thus, mab-5 mis-expression is probably responsible for ray 1-2 fusion in the nhr-25 mutant background.
scm::nhr-25(RNAi) males also showed tail abnormalities that apparently arose from cell-fate transformation, such as absence of ray(s) 1 and/or 2 (13% and 19%, respectively), or extra rays (Fig.   2D ). Interestingly, ectopic ray(s) occurred among those derived from the T seam cell ( Fig. 2A,D) . The number of extra rays ranged from 1 to 4, thus making a total of four to seven T-seam-cell-derived rays. Using the adherens-junction marker ajm-1::gfp, we detected ectopic ray primordial cells in L4 males (Fig. 4) . The presence of ray defects indicated that NHR-25 was involved in the cell-fate decision of the V5, V6 and T seam-cell lineages as well as in the migration of ray cell groups.
Ectopic rays in scm::nhr-25(RNAi) males exhibit ray-9 identity
To discern which part of the T seam cell lineage was affected by NHR-25 deficiency to cause formation of extra rays, we determined the ectopic ray identity. Each ray represents an epidermal protrusion comprising a ray structural cell (Rnst) and two distinct neurons, Atype (RnA) and B-type (RnB) (Fig. 5A) . The neurons use distinct sets of neurotransmitters. We chose three GFP transgenes that mark specific RnB neurons. flp-6 and flp-17 are members of the FMRFamide-related neuropeptide gene family and are expressed in R2B, R5B, R6B, R7B and R1B, R5B, R7B neurons, respectively ; tph-1 encodes a tryptophane hydroxylase and marks serotonergic neurons, including R1B, R3B and R9B (Lints et al., 2004) . Expression of these markers was unaffected in scm::nhr-25(RNAi) males, showing that the individual rays maintained their features and thus could be identified. In addition, by using a pkd-2::gfp marker for all RnB neurons except R6B, we verified that B neurons were indeed present in most ectopic rays of scm::nhr-25(RNAi) males (data not shown).
The majority of ectopic rays (89%) in scm::nhr-25(RNAi) males carrying the tph-1::gfp transgene displayed the R9B-specific signal ( Fig. 5B ; Table 2 ). The remaining 11% of ectopic rays, which lacked the R9B signal, probably assumed identity of rays 7 or 8. Consistent with these counts, only 13% and 8% of ectopic rays showed R7B-specific flp-6::gfp or flp-17::gfp expression, respectively ( Fig. 5B ; Table 2 ). These data indicated that extra rays derived from the T seam cell generally adopted the identity of ray 9. Hence, we speculated that differentiation of the T.app (posterior daughter of T.ap) lineage was more likely to be affected than divisions of the T.apa (anterior daughter of T.ap) lineage in the absence of NHR-25 ( Fig. 2A ).
NHR-25-deficient worms display defective T-seam-cell polarity
Obviously, the impaired function of NHR-25 affected the T-seamcell lineage, leading to male abnormal (Mab) phenotypes. However, it remained unclear whether the lack of NHR-25 influenced the early asymmetric divisions of the T-seam-cell lineage. In addition, NHR-25 deficiency might disrupt the T-seam-cell lineage not only in males but also in hermaphrodites. In wild-type hermaphrodites, the T seam cell divides asymmetrically at early L1 stage, producing an anterior T.a daughter with hypodermal fate and a posterior daughter, T.p, that generates a neuronal branch including phasmid socket cells PHso1 and PHso2 (Fig. 6A) . The socket cells are connected to phasmid neurons PHA and PHB that derive from the AB lineage. PHA and PHB can be filled with a fluorescent dye through the socket cells, which are open to the environment (Hedgecock et al., 1985; Herman and Horvitz, 1994) . Absence of the socket cells causes a failure of phasmid staining (Pdy, phasmid dye-filling defect, also known as Dyf, dye-filling defect; see Materials and Methods) and thus serves as a test for disrupted T-seam-cell polarity.
Using the phasmid dye-filling technique in adults, we consistently observed the Pdy phenotype upon systemic nhr-25 RNAi, in scm::nhr-25(RNAi) animals and in nhr-25(ku217) mutants (Table  3) . We next performed a complementary test, the Psa (phasmid socket absent) phenotype analysis (Sawa et al., 2000) , to verify that Journal of Cell Science 122 (17) :gfp expression that persists in ray 1 until the adult stage (arrowhead and arrow). Moreover, the ectopic mab-5 signal is also visible in cell bodies of the R1A, R1B and R1st (asterisk in B). Ray 1, which shows the mab-5 activity in C, is fused to ray 2 (arrowhead). . An anterior Rn daughter produces a ray cell group, consisting of two neurons and one structural cell. The posterior daughter has a hypodermal character and it either fuses with the hyp7 syncytium (in the case of rays 6, 7, 8 and 9) or it fuses with other seam cells (1.p-5.p) to form a tail seam syncytium (SET). X represents programmed cell death. (B,C) Confocal sections show adherens junctions of ray cell clusters using the ajm-1::gfp transgene. The images of L4 males were taken approximately 40 hours after hatching. Signals were inverted for better clarity. Green numbers mark hypodermal Rn.p cells. The 1.p and 2.p cells are already fused, signifying formation of the SET syncytium. Ray cell groups are labeled with orange arrowheads and numbered in the order of the corresponding rays. Ray cell group 7 is out of the focal plane in wild type (B). (C) Males that are heterozygous for scm::nhr-25(RNAi) display an anterior ectopic ray cell cluster, which includes a ray cell group (E) and a hypodermal cell (E.p). Another ectopic ray cell group (E) is situated posterior to ray cell groups 8 and 9. Phasmid (arrow in B) is in another focal plane in C. In addition, displacement of ray cell group 1 is apparent (asterisk in C). Anterior is to the left.
the phasmid dye-filling defect was indeed caused by absent socket cells. The Psa phenotype was detected in 40% of nhr-25(ku217) worms ( Fig. 6B,C ; Table 3 ). Finally, to exclude the possibility that Pdy occurred because of missing phasmids, we used a transgenic marker ida-1::gfp to visualize phasmids PHA, PHB and PHC in nhr-25 RNAi and mutant worms (Fig. 6D) . The vast majority of the worms had all three phasmids or at least one of the stainable cells (PHA or PHB) (Table 3) . Therefore, the dye-filling defect could not result from phasmid absence.
The above results demonstrate that NHR-25 function is not restricted to male-specific T-seam-cell divisions, but it is involved in proper T-seam-cell differentiation regardless of sex. We suggest that NHR-25 is also required in early divisions of the T-seam-cell lineage, where it ensures proper neuronal differentiation of the posterior T.p branch.
NHR-25 is essential for neural cell fate of the T-seam-cell lineage
To directly reveal the role of NHR-25 during T-seam-cell differentiation, we performed analysis of the T-seam-cell lineage. In wild-type hermaphrodites, bilaterally symmetric T seam cells, TL and TR, produce T.a and T.p daughters with distinct fates: the anterior T.a generates four hypodermal cells and one neuron, whereas the posterior T.p yields five neural cells (Fig. 7A) . We followed divisions of both the TL and TR cells in five nhr-25(ku217) mutant L1 larvae, thus evaluating ten T-seam-cell lineages in total. The lineage analysis showed that the cell fate of the posterior daughter T.p was defective in seven cases. All of these cases included a defect of the T.pa cell, which maintained hypodermal morphology and failed to divide further, thus resulting in the Psa phenotype. The defects in the T-seam-cell lineage differed in T.pp division, and we discerned four different patterns of anomalies (Fig.  7) . In three cases, T.pp divided in a wild-type pattern to produce three neurons (Fig. 7B) . In one case we observed the T.pp cell undergoing a division that generated two neural daughters, but further divisions of the T.ppp (posterior daughter of T.pp) that would differentiate the PHC and PLN neurons did not occur (Fig. 7C) . Finally, three cases showed abolished division of the T.pp cell that exhibited either neural or hypodermal morphology (Fig. 7D,E) . To summarize, the results suggest that nhr-25 mutation causes various defects of the posterior neural T.p lineage including the Psa phenotype (T.pa) and abnormal divisions of the T.pp cell. Clearly, NHR-25 is required to establish the neuronal fate in the posterior T.p lineage.
nhr-25 genetically interacts with Wnt and RUNX signaling to specify neural fate of the T-seam-cell lineage
The loss of T.p-derived neural cell fates caused by NHR-25 deficiency was reminiscent of certain mutations in the Wnt/β-catenin asymmetry pathway, which controls the polarity of the T-seam-cell division (Sternberg and Horvitz, 1988; Herman, 2001; Mizumoto and Sawa, 2007a) (Fig. 8A) . To test for a genetic interaction with this pathway, we applied nhr-25 RNAi to adults heterozygous for a POP-1/TCF mutation, pop-1(q645), and scored the Pdy phenotype in their progeny. Consistent with a previous report (Siegfried et al., 2004) , the pop-1(q645) homozygotes displayed 42% incidence of Pdy, which was doubled by simultaneous nhr-25 knockdown ( Fig.  8B ; Table 4 ). An even stronger enhancement was observed for a SYS-1/β-catenin mutation, sys-1(q544) ( Table 4 ). Both pop-1(q645) and sys-1(q544) worms were sterile owing to a Sys (symmetrical sisters) defect, a failure of the somatic gonad precursors to differentiate a distal tip cell and the consequent absence of the gonadal arms (Siegfried and Kimble, 2002) . As we had shown previously (Asahina et al., 2006) , nhr-25 RNAi suppressed the fully penetrant Sys (Table 4) , restoring gonad differentiation and fertility in both mutants. Thus, we were able to visualize, in the same animals ( Fig. 8B) , both enhancement (Pdy in the T seam cell) and suppression (Sys in the gonad) of POP-1-or SYS-1-deficiency phenotypes. These data suggested that NHR-25 could cooperate with or counteract POP-1 and SYS-1 depending on cell type. To further explore the positive regulatory role of NHR-25, we treated mutants for two inhibitors of the Wnt/β-catenin asymmetry pathway, the PRY-1/Axin and APR-1/APC proteins (Korswagen et al., 2002; Mizumoto and Sawa, 2007a) , with nhr-25 feeding RNAi.
Neither pry-1(mu38) nor apr-1(ok2970) mutations caused Pdy alone. However, pry-1(mu38) suppressed the penetrance of the Pdy phenotype from 33% in nhr-25(RNAi) worms at 25°C to 11% (Fig.  8C) . We did not observe such a suppression of Pdy in the apr-1(ok2970) mutant background (data not shown).
Next, we examined interaction between NHR-25 and the transcription factor TLP-1, which is essential for T-seam-cell polarity and its expression depends on the Wnt/β-catenin asymmetry pathway (Zhao et al., 2002) . The frequency of Pdy induced by nhr-25 silencing via RNAi at 20°C was enhanced from 75% to 94% in tlp-1(mh17) and to 91% in tlp-1(bx85) mutants, respectively, and the enhancement was statistically significant (Fig. 8C) . Together, these data suggested that NHR-25 positively modulated the Wnt/β-catenin asymmetry pathway to ensure proper T-seam-cell polarity.
In addition to Wnt signaling, TLP-1 expression also requires the transcription factor RNT-1, the loss of which causes abnormal male tail morphology and abolishes the asymmetry of the T-seam-cell Journal of Cell Science 122 (17) . In one case, T.pp underwent a division producing two neural cells, but without further division of the posterior daughter (C). Failure of T.pp cell division was noticed in three lineages, of which in one case the T.pp cell exhibited neural morphology (D), whereas in two cases it adopted hypodermal morphology (E). The anterior lineages, indicated by dotted lines, were followed until T.ap had divided, at which time all the cells showed hypodermal character.
division (Ji et al., 2004; Kagoshima et al., 2005; Nimmo et al., 2005) . To specify T-seam-cell polarity, RNT-1 cooperates with BRO-1 (Kagoshima et al., 2007b; Xia et al., 2007) . Because mutant phenotypes of rnt-1 or bro-1 resemble impaired function of nhr-25, we examined genetic interaction between nhr-25 and the two genes. Similarly to tlp-1 mutations, mutant alleles rnt-1(tm388) and rnt-1(os11) [also known as mab-2(os11)] also increased the incidence of Pdy caused by nhr-25 systemic RNAi from 75% to 91% and 98%, respectively (Fig. 8C) . Almost full penetrance of Pdy also occurred in the bro-1(mu38) mutant background (Fig. 8C) . On the basis of these genetic-interaction data, we conclude that nhr-25 cooperates with RNT-1 and BRO-1, and therefore that NHR-25 probably acts in parallel with the Wnt/β-catenin asymmetry pathway to establish the neural fate of the T-seam-cell lineage (Fig. 8A ).
Discussion
We show in this study that the nuclear receptor NHR-25 is required for proper morphogenesis of the C. elegans tail. Loss of NHR-25 disrupts differentiation of the posterior seam cell T. Absence of the phasmid socket cells (Psa) and of other specific neurons in nhr-25-deficient worms, evidenced by lineage analysis, demonstrates the necessity of NHR-25 for the proper polarity of the T-seam-cell division and for differentiation of the neural branch of the T-seamcell lineage. These results directly implicate NHR-25 in a specific cell-fate decision during animal development.
NHR-25 cooperates with the Wnt/β-catenin asymmetry pathway in the T seam cell but opposes it in the gonad
Loss of T-seam-cell polarity upon nhr-25 silencing was strongly enhanced by mutations affecting the transcriptional effectors of Wnt signaling -POP-1/TCF and its coactivator SYS-1/β-catenin. Strikingly, in the same animals, deficiency of NHR-25 suppressed the fully penetrant effect of either of these hypomorphic mutations RNAi-induced dye-filling defect by pry-1(mu38) mutation was statistically significant (P=0.007). The differences between Pdy penetrance in nhr-25(RNAi) alone and in tlp-1, rnt-1 and bro-1 mutant backgrounds were determined to be statistically significant at P<0.01. The paired Student's t-test with onetailed probability values was used to assess significance of the differences. Results are shown as the mean of three to four independent RNAi experiments, and total numbers of animals scored are indicated below each column.
on the somatic gonad. During asymmetric division of the somatic gonad precursor cells Z1 and Z4, NHR-25 promotes a proximal fate of the daughter cells and thus antagonizes a POP-1/TCF-and SYS-1/β-catenin-dependent activity, which ensures the alternative distal fate (Asahina et al., 2006) . These results clearly demonstrate the capacity of NHR-25 to modulate the Wnt/β-catenin asymmetry pathway either positively or negatively depending on the tissue context. One intriguing difference between the T seam cell and the gonad is that the polarity of the somatic gonad precursors seems to be independent of known Wnt signals (Hitoshi Sawa, personal communication).
The correct fate of the T-seam-cell daughters is ensured by the reciprocal asymmetry of the POP-1/TCF and SYS-1/β-catenin proteins (Mizumoto and Sawa, 2007b) , which leads to asymmetric expression of the pro-neural gene tlp-1 (Zhao et al., 2002) . Therefore, regulation of the asymmetric distribution of these components is one possible mode of NHR-25 interaction with the Wnt/β-catenin asymmetry pathway. Nevertheless, partitioning of POP-1 to the T-seam-cell daughters seemed unaffected by impaired NHR-25 function (data not shown). The distribution of POP-1 was also normal in the V cells of nhr-25(RNAi) worms (M.A., unpublished observations). In fact, involvement of NHR-25 in POP-1 asymmetric distribution was not expected, because loss of NHR-25 function altered the POP-1-dependent cell fate in the somatic gonad precursor cells without perturbing POP-1 asymmetry (Asahina et al., 2006) . Consistent with the normal asymmetric distribution of POP-1, expression of the tlp-1::gfp reporter was also unaffected by loss of NHR-25 (data not shown).
Because NHR-25 does not alter cell fate by redistribution of POP-1, it probably acts either by modulating the activity of genes downstream of the Wnt/β-catenin asymmetry pathway, other than tlp-1, or by regulating its own targets. An attractive possibility is that NHR-25 might cooperate with the transcriptional coactivator SYS-1/β-catenin, which is a limiting factor necessary for POP-1-dependent expression of neural fate-promoting genes (Mizumoto and Sawa, 2007b) . This idea is supported by the strong genetic interaction between nhr-25 and sys-1 in the T seam cell (this study) and by previous evidence that NHR-25 binds SYS-1 to stimulate SYS-1-and POP-1-dependent gene expression (Asahina et al., 2006) . Interestingly, mammalian orthologs of NHR-25, the SF-1 and LRH-1 have been shown to activate target genes in synergy with β-catenin (Gummow et al., 2003; Hossain and Saunders, 2003; Jordan et al., 2003; Mizusaki et al., 2003; Botrugno et al., 2004; Parakh et al., 2006; Salisbury et al., 2007) . Therefore, the positive interaction between nhr-25 and sys-1 in the T seam cell resembles the scenarios known from the mammalian systems.
Alternatively, NHR-25 could influence the neural fate in the posterior T-seam-cell daughter by interacting with TLP-1. SF-1 and Sp1, the mammalian orthologs of TLP-1, co-regulate transcription of specific genes by binding to adjacent DNA elements in their promoter regions (Liu and Simpson, 1997; Kaiser et al., 2000; Sugawara et al., 2000) . Whether NHR-25 and TLP-1 cooperate through a similar mechanism remains to be tested.
To ensure proper T-seam-cell differentiation, NHR-25 cooperates with RUNX signaling, which acts in parallel to the Wnt/β-catenin asymmetry pathway. The interaction of nhr-25 with the genes encoding the transcription factor RNT-1 and its cofactor BRO-1 results in almost a fully penetrant T-seam-cell polarity defect. In addition to their role in the T seam cell, RNT-1 and BRO-1 promote V-cell divisions, and therefore rnt-1 and bro-1 mutations reduce the total number of seam cells (Nimmo et al., 2005; Kagoshima et al., 2007b; Xia et al., 2007) . Although this phenotype is opposite to the effect of NHR-25 deficiency (extra seam cells) (Chen et al., 2004; Silhankova et al., 2005) (and this study), we have not detected interaction between nhr-25 and rnt-1 or bro-1 genes that would restore the normal seam-cell number (data not shown). Thus, in contrast to the regulation of T-seam-cell polarity, the function of RUNX signaling in cell cycle of the V cells is independent of NHR-25.
Effects of NHR-25 on male tail morphogenesis
We have observed multiple defects of the sensory rays that were caused by loss of NHR-25, namely ray displacement or absence, ray fusions and ectopic rays. These diverse anomalies correspond to the pleiotropic nature of NHR-25 and might reflect involvement of NHR-25 in migration and cell-fate decision of the ray precursor cells. One of the defects, ray-1 displacement, resembles a specific phenotype of mutants in the semaphorin-plexin pathway (Fujii et al., 2002; Ginzburg et al., 2002; Nukazuka et al., 2008) . Proper positioning of ray 1 is achieved by posterior attraction and subsequent migration of ray-1 precursors through transmembrane semaphorins, smp-1 and smp-2, and their receptor plexin, plx-1. It is not clear at this point whether NHR-25 cooperates with semaphorin-plexin signaling, because mutations in the smp-1, smp-2 and plx-1 genes, at least in the heterozygous condition, did not enhance the frequency of ray-1 displacement seen in scm::nhr-25(RNAi) males (data not shown). Recently, ray-1-precursor migration has been shown to depend on cooperation between the semaphorin-plexin pathway with Myc and Mondo-like proteins and Wnt/β-catenin signaling (Pickett et al., 2007) . Because NHR-25 interacts with the Wnt/β-catenin asymmetry pathway (Asahina et al., 2006) (and this study), it is plausible that NHR-25 functions through this pathway to determine the position of ray 1.
The presence of fused rays in NHR-25-deficient males signifies that NHR-25 not only contributes to correct positioning of ray precursor cells but that it might also specify ray identity. Abnormal dosage of the Hox genes mab-5 and egl-5 (Chow and Emmons, 1994; Salser and Kenyon, 1996) can generate ray fusions due to ray-identity transformation. Interestingly, mab-5 becomes ectopically expressed in ray 1 and the fusion of ray 1 to ray 2 was frequently observed in nhr-25(ku217) mutants. Reduction of mab-5 dosage in these mutants suppressed the ray 1-2 fusion, suggesting that NHR-25 affects proper ray formation by regulating mab-5 activity. Although the gain of mab-5 expression and reduced mab-5 dosage both cause specific ray fusions, the complete absence of mab-5 function removes V5-and V6-derived rays (Salser and Kenyon, 1996) . Similarly, varying degrees of loss of nhr-25 function lead to variably severe effects on ray morphology, ranging from specific ray fusions to ray deletion. These findings suggest that the process of male tail differentiation is highly sensitive to the levels of mab-5 and nhr-25 activities.
In summary, our study identifies a new role for the nuclear receptor NHR-25 in the differentiation of sex-specific tail structures and in the regulation of cell polarity during asymmetric division of the epidermal T seam cell. In contrast to previous results from the somatic gonad of C. elegans (Asahina et al., 2006) , our present data establish NHR-25 as a positive regulator of Wnt/β-catenindependent cell-fate decisions, a situation that is consistent with synergy between NHR-25 homologs and β-catenin in mammals. We propose that NHR-25 is an evolutionarily conserved, versatile modulator of Wnt/β-catenin signaling. Cooperation of NHR-25 with Wnt signaling
Materials and Methods
Worm strains
The wild type C. elegans Bristol strain (N2) and the following transgenic lines and mutant strains were maintained according to the standard protocol (Brenner, 1974) at 20°C, except for temperature-sensitive mutants. Strains JR667 unc-119(e2498::Tc1) ; wIs51 [unc-119(+),scm::gfp] (Terns et al., 1997 (Chen et al., 2004 ] (Mohler et al., 1998 (Hodgkin et al., 1979 ; him-5(e1490) Li, 2004), NY2064 ynIs64[flp-17::gfp] ; him-5(e1490) ] (Sze et al., 2000) , EM347 tlp-1(bx85); him-5(e1490) (Zhao et al., 2002) , RB2190 apr-1(ok2970) (International C. elegans Gene Knockout Consortium), CF491 pry-1(mu38ts); him-5(e1490) (Maloof et al., 1999), BL5717 inIs179[ida-1::gfp] ; him-8(e1489) (Zahn et al., 2001 ), JK2944 pop-1(q645)/hT2[qls48] Kimble, 2002), JK3437 him-5(e1490) ; qIs74 (Siegfried et al., 2004 him-5(e1490) (Kenyon, 1986) and CF453 muIs16[mab-5::gfp,dpy-20(+) ]; dpy-20(e1282) (Hunter et al., 1999) were obtained from the Caenorhabditis Genetics Center. Other strains used in this study: KS115 tlp-1(mh17) (Zhao et al., 2002 mhEx50[unc-29(+) 
RNA interference
Systemic RNAi was performed by feeding as described previously (Timmons et al., 2001) . nhr-25 dsRNA was first induced in the liquid bacterial culture as described (Silhankova et al., 2005) , and bacteria were centrifuged and seeded on the nematode growth medium (NGM) agarose plates containing 50 μg/ml carbenicillin, 12.5 μg/ml tetracycline and 0.4 mM isopropyl-β-D-thiogalactosidase (IPTG). Bacteria were further grown for approximately 16 hours at 25°C before L4 or young adult worms were added to the plates. Worms were then kept at 20°C. Bacteria carrying the empty pPD129.36 vector were used as a control.
To target nhr-25 RNAi to the seam cells, we constructed a plasmid for transgenic expression of nhr-25 dsRNA (Timmons et al., 2003) . The seam-cell-specific SCM promoter (Terns et al., 1997) was excised from a pSCM3 (a gift from H. Sawa) plasmid and cloned into the pPD95.70 vector (provided by Andrew Fire, Stanford University School of Medicine, Stanford, CA) using PstI and SmaI sites. The nhr-25 RNAi construct was generated by removing the nuclear-localization sequence (NLS) and gfp sequence from pPD95.70 using KpnI and EcoRI sites and replacing them with a sequence consisting of two copies of a 185-bp fragment from the first nhr-25 exon in inverted orientation. The two halves of the palindrome were cloned by using KpnISalI and SalI-EcoRI sites, respectively, and were separated by 114 bp of the first nhr-25 intron to generate the pPD95.70{scm::nhr-25(RNAi)} vector. To obtain transgenic worms, 50 ng/μl of the pPD95.70{scm::nhr-25(RNAi)} plasmid were co-injected with 25 ng/μl of the pRF4 rol-6(su1009) transformation marker (Mello et al., 1991) and 25 ng/μl of pBluescript into the JR667 strain. Transformants were subjected to UV irradiation to chromosomally integrate the constructs. Integrated lines were backcrossed with the N2 strain twice. The resulting strain HL70 jmIs70 [scm::nhr-25(RNAi), rol-6(su1009) ]; wIs51 [unc-119(+), scm::gfp] was used in all experiments. The HL70 strain was crossed with the NY2067, NY2064, GR1366, PT1937 and SU93 strains to introduce the desired transgenic markers into the scm::nhr-25(RNAi) background. For male tail analyses, the HL70 strain was also crossed with DR466 to increase the frequency of males. scm::nhr-25(RNAi) males did not mate effectively.
Phasmid dye-filling
The Dyf (dye-filling defect) phenotype was examined as previously described (Hedgecock et al., 1985; Herman and Horvitz, 1994) . Adult hermaphrodites were washed out with S-basal buffer from NGM plates and were collected in a 1.5-ml tube. The worms were incubated in 1 ml of S-basal buffer containing 20 μg/μl of the 3,3Ј-dioctadecyloxacarbocyanine perchlorate (DiO, Sigma) on a rotator for 2 hours at 20°C. After staining, worms were washed once in S-basal buffer and placed onto NGM plates for 1 hour for destaining of the gut. Worms were then observed under a microscope equipped with epifluorescence for GFP. While dye-filled amphid neurons served as a control of successful staining, the number of stained phasmids was scored. Because the dye-filling defect concerned only the phasmids but not the amphid neurons, we use the more specific term Pdy (phasmid dye-filling defect) in this study.
Phasmid socket-cell analysis
The absence of socket cells (phasmid socket absent, Psa phenotype) was analyzed at mid-L2 or early-L3 stage (20-25 hours after hatching). Using Nomarski optics, nuclear morphology of the cells located between the PLM neuron and hyp8 (hyp11) were evaluated. In wild-type L2 and L3 worms, the phasmid socket cells are the most posterior neurons positioned as specified above, and they exhibit neural morphology, i.e. a small nucleus with granular nucleoplasm. By contrast, a hypodermal cell typically possesses a large round nucleus with smooth nucleoplasm (Herman and Horvitz, 1994) .
Cell-lineage analysis
Individual L1 larvae with the T seam cells approaching the time of division were placed on 5% agar pads with 2 μl of M9 buffer. A tiny amount of OP-50 bacteria was applied to the center of a coverslip to attract the worm. The edges of the coverslip were greased to prevent the dehydration of the worm (Sulston and Horvitz, 1977) . Between individual observations, the agar pad with the worm was kept in a moist chamber to ensure continuation of development. The cell divisions were observed using Nomarski optics with 100ϫ oil-immersion objectives. Fates of the T-seam-cell descendants were judged based on their nuclear morphology as described previously (Herman and Horvitz, 1994) .
Microscopy
Worms were mounted on freshly made 2% agarose pads for fluorescence observation or on 5% agar pads for Nomarski imaging. 10 mM tetramisole hydrochloride (2,3,3,6 tetrahydro-6-phenylimidasol) in S-basal buffer was used to anesthetize the animals. Microscopy analyses were performed using Zeiss Axioplan 2 equipped with Nomarski optics and epifluorescence. An Olympus FV1000 Laser Scanning Confocal microscope was used for imaging of adherens junctions of the male tail.
